Developing T cells face a series of cell fate choices in the thymus and in the periphery. The role of the individual T cell receptor (TCR) in determining decisions of cell fate remains unresolved. The stochastic/selection model postulates that the initial fate of the cell is independent of TCR specificity, with survival dependent on additional TCR/coreceptor "rescue" signals. The "instructive" model holds that cell fate is initiated by the interaction of the TCR with a cognate peptide-MHC complex. T cells are then segregated on the basis of TCR specificity with the aid of critical coreceptors and signal modulators [Chan S, Correia-Neves M, Benoist C, Mathis (1998) Immunol Rev 165: 195-207]. The former would predict a random representation of individual TCR across divergent T cell lineages whereas the latter would predict minimal overlap between divergent T cell subsets. To address this issue, we have used highthroughput sequencing to evaluate the TCR distribution among key T cell developmental and effector subsets from a single donor. We found numerous examples of individual subsets sharing identical TCR sequence, supporting a model of a stochastic process of cell fate determination coupled with dynamic patterns of clonal expansion of T cells bearing the same TCR sequence among both CD4 + and CD8+ populations.
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CDR3 | clonal expansion | immune repertoire | T cell receptor F ollowing production of their T cell receptors (TCRs), T cells experience several developing stages. An encounter with a cognate peptide-MHC complex can induce naïve T (Tn) cells expressing the CD45RA isomer to begin to express CD45RO. Cells expressing both isomers are considered transitional in nature (Tt), thus cells identified on the basis of CD45RA expression alone include Tn and Tt and can thus be referred to as Tn+t. Cells expressing only CD45RO have passed into the memory (Tm) compartment, where they can lay quiescent awaiting repeat stimulation by the same or similar peptide-MHC complexes. Activated T cells (Ta) driven to effector function lose expression of both CD45RA and RO and express CD69. During different developing stages, T cells also face a series of cell fate choices: CD4 + CD8+ cells commit to either the CD4 + helper (Th) or CD8+ cytotoxic (Tc) lineages, a choice closely associated with binding to MHC class II or class I peptide complexes, respectively. Subsequently, CD4 + T cells can develop into regulatory (Tr) CD25+ cells, or into CD25−CD294− Th1 (IFN-γ producing) or CD25−CD294+ Th2 (IL-4 producing) effector subsets. Other choices are also available (1, 2) .
Although it is generally accepted that the TCR expressed by the developing T lineage cell will determine the response to a specific peptide-MHC complex, the role of the individual TCR in determining decisions of cell fate remains unresolved. To address these issues, we have coupled high-throughput sequencing techniques (3, 4) to high volume antibody covered superparamagnetic polystyrene bead isolation of defined T cell subsets with semiquantitative PCR amplification of the complementarity determining region 3 regions (CDR3) from mRNA molecules. CDR3 sequences, composed by the V(D)J combination, form the center of the antigen binding site where they often play a critical role in defining the affinity and specificity of the receptor for individual peptide-MHC complexes (5) of both the TCRα and TCRβ chains. Our goal was to produce comprehensive, unrestricted profiles of TCR diversity for key subsets of T cells isolated from the blood of a healthy individual at sequence-level resolution.
Results
In total, approximately 1.67 million effective sequence reads, which correspond to sequenced cDNA molecules, were generated for eight distinct T cell populations isolated from peripheral blood from a healthy, east Asian male, age 48, who had no known illnesses at the time of blood donation and reported feeling normal and well during the month before the sampling of his blood ( Table 1 ). The first amplification sampled CD3+ T cells in general (pan T) (Figs. S1 and S2). Four additional amplifications (Tc, Tr, Th1, and Th2) sampled T cell subsets with divergent effector functions; the final three amplifications (Tn+t, Ta, and Tm) sampled T cells at different stages of T cell development (SI Text, Figs. S1 and S3, and Tables S1-S3). From these sequence reads, about 1.48 million CDR3 intervals were identified, totaling 169,977 and 113,290 unique CDR3 intervals for TCRα and TCRβ chains, respectively. With a few exceptions, a highly random pattern of germline VJ gene segment combinations was observed in the pan T sample (Fig. S2) . Altogether, we identified 2,505 VJ combinations among 70,005 unique CDR3 nucleotide sequences (Fig. S2) , which accounted for about 87% of the 2,874 potential Vα and Jα and Vβ and Jβ combinations predicted to yield functional rearrangements as cataloged in the ImMunoGeneTics (IMGT) database (6) .
To avoid the distortion by dominant clones as results of immune responses, each unique CDR3 sequence was counted as one regardless of how many copies were observed when we examined the pattern of V, D, and J domain usage; CDR3 length; addition of nontemplated nucleotides; trimming of nucleotide at the V, D, and J coding ends; or amino acids usage in CDR3 intervals. Among the seven T cell developmental or effector subsets examined, we found no statistically significant difference in TCR Vα, Jα, Vβ, Dβ, or Jβ utilization (SI Text). For the CDR3s, we found no statistically significant difference in the distribution of CDR3 lengths, addition of (Table S4 ). The frequency of use of individual amino acids within CDR3 intervals was indistinguishable between the subsets of cells (Fig. S4 ). This similarity in V(D)J recombination products irrespective of subset is consistent with the view that the differentiation of T cells into the subsets that we examined is neutral to V(D)J recombination.
Different T cells forming identical TCR CDR3 nucleotide sequences during development are so remote (SI Text) that individual TCRβ CDR3 nucleotide intervals can be used as clonal markers. Although our approach to evaluating TCR diversity has allowed us to sample the repertoire with several orders of magnitude of increased resolution, the complexity of a T cell population that has been estimated to approach 10 14 cells per individual (SI Text) still precludes the possibility of measuring its diversity directly. Previous attempts used either extrapolation from less than 10,000 sequences or indirect molecular measurements (7-10). The compound Poisson process model has been used to estimate human gene number by evaluating the results of large-scale EST sequencing (11) . Using this same approach, we estimated the diversity of the TCR α and β repertoires expressed by our study subject to include 0.47 × 10 6 and 0.35 × 10 6 unique TCRα and TCRβ CDR3 nucleotide sequences, respectively ( Table 2) . This represents about one third of the extent of TCR diversity previously estimated by a combination of spectratyping and sequencing analysis (7) .
Also listed in Table 2 is the estimated diversity of the CDR3 repertoire by T cell subset. Among the three developmental subsets (Tn+t, Ta, and Tm) evaluated, the Ta subset exhibited the least diversity, which was defined as the estimated number of unique CDR3 intervals, for both the TCRα and TCRβ repertoires. Among the various effector populations, the Th2 subset appeared least diverse and the Tr population exhibited the greatest diversity of all.
When evaluated by the extent of clonal expansion as manifest by the frequency of clones (a clone is defined as a unique CDR3 fragment) having >100 reads, a striking divergence was observed between the four effector T cell subpopulations (Fig. 1 ). More than 60% of the Tc sequences belonged to clones having >100 reads, whereas the Tr and Th2 subsets exhibited few to none such clones. The Th1 population proved intermediate between these two groups. Divergence in the frequency of clones having >100 reads was also observed when T cells were evaluated by developmental stage. The Tn+t and Ta subsets exhibited patterns of clones having >100 reads similar to those observed in the Tc population, whereas the Tm subset matched Th2 and Tr subsets for minimal numbers of such clones. The TCRα and TCRβ CDR3 sequences that dominated Tc subset also dominated the Tn+t, Ta, and pan T subsets (Table S5) .
We identified the 10 most common TCRα and TCRβ sequences in the pan T cell population and compared them to the seven T cell subsets whose repertoire we had amplified (Table S5 ). Many of those dominant CDR3 intervals were seen in several subsets. For example, the TCRα CDR3 interval "APEAMGGSEKLV" was the second most common sequence in pan T, Tn+t, Ta, and Tc. This sequence was also present in the Th1 population. In the Tm population, clones common to the Th1 subset were overrepresented; furthermore, of those clones present in the Tn+t, Ta, and panT that were not predominant in the Tc population, several were Tr, T regulatory cell (CD4+CD25+); Th1, T helper cell 1 (CD4+CD25−CD294−); Th2, T helper cell 2 (CD4+CD25− CD294+); Tc, T cytotoxic cell (CD8+); Tn+t, naïve and transitional T cell (CD45RA+); Ta, activated T cell (CD45-RO-CD69+); Tm, memory T cell (CD45RA-RO+); aa, amino acids; na, nucleic acids. *An effective read is a read that can be mapped with both V and J germline segments. † A unique CDR3 sequence is a nonredundant fragment of amino acids (aa) or nucleic acids (na), which is in a stop-codon-free reading frame containing both translated conserved motifs (SI Text).
‡, § pan T samples were processed along with pan B cells and T cell counts for these two samples were not recorded. ¶ Public sequence data set was compiled by combining relevant cDNA sequences in both the GenBank and the IMGT database. Reported here are those passed through the analysis pipeline. Abbreviations for subsets of T cells follow the notions in Table 1 . *TCRα and TCRβ diversity of overall T cells were based on all CDR3 sequences for all subsets and pan T samples in Table 1 for TCRα and TCRβ, respectively. predominant in the Th1 population. Conversely, clones common to the Th2 population were over-represented in the Tr subset.
When clone sequences are found in common across amplified products from varied subpopulations, the possibility of technique artifact or random accident must be addressed. We ruled out these possibilities in part due to cell isolation protocol and in part through statistical analysis. First, cell subsets within the same group (effector group: Th1, Th2, Tr, and Tc or developmental group: Tn+t, Ta, and Tm) were exclusive according to the cell isolation protocol (see Materials and Methods). Second, the possibility that the detection of identical CDR3s in these two T cell subsets as the result of cell contamination was largely ruled out by the vigorous cross-contamination detection procedure (SI Text). Third, the shared CDR3 sequences are long and contain several N-nucleotide additions, thus it is unlikely that shared CDR3 sequences could be generated by independent events. For instance, the CDR3 sequence "APEAMGGSEKLV" was generated with 11 N-nucleotides addition and 7 nucleotides trimmed at the 5′ end of TRAJ57 and the random chance generating CDR3 sequences akin to this one is estimated as 1.1e-11.
To further assess how commonly TCR sequences were shared among clonally expanded cells, we extended our analysis to the 100 most abundant TCRβ (Fig. 2) and TCRα (Fig. S5) CDR3 sequences. Both analyses yielded highly similar results and supported the data obtained with the top ten sequences as well as provided additional insights. Fig. 2A shows the composition of the 100 most abundant TCRβ CDR3 sequences in the pan T samples at three different developing stages (Tn+t, Ta, and Tm). Of the top 100 most dominant TCRβ CDR3 sequences in the pan T cell amplification, 84 were found in Tn+t subset, indicating the dominance of Tn+t in the overall T cell population. In addition, 68 of 100 dominant TCRβ CDR3 sequences in the pan T samples are common to both Tn+t and Ta, suggesting that the expanded clones were primarily the product of recent antigenic stimulation. Approximately onequarter of the pan T TCRβ CDR3 sequences were common to those in memory T cells, suggesting that this population was a mixture of both recently generated and longstanding clones. When compared by effector T cell subset (Fig. 2B) . Approximately four-fifths of the common pan T clones were found in the Tc subset. Overlap was observed between the Tc, Th1, Th2, and Tr subsets.
Among the Tn+t population (Fig. 2C) , more than 90% of the clones were found in the Tc population. However, only 43 of the 100 most common Ta CDR3s could be identified among Tc clones, with the Th1, Th2, and Tr subsets increasing their representation with mixed sharing among the four subsets (Fig. 2D) .
Among the Tm population (Fig. 2E) , only 4 clones could be found in the Tc subset, whereas the Th1 subset encompassed 91 clones. An even more dramatic overlap of TCR sequences among the Th1, Th2, and Tr subsets became apparent, with 44 sequences present in all three.
When effector cells were examined by developmental stage (Fig. 2 F-I ), Tr cells dominated in the Tm population comprising 87 clones. Th1 and Th2 cells were also over-represented in the Tm population, whereas Tc cells were over-represented in the Tn+t and Ta subsets.
Effector cells were also examined by other effector cells (Fig. 2  J-M) . There are more overlaps between Tr and Th2. There are substantial number of overlaps between Th1, Th2, and Tr, but a limited number of overlap between CD8+ (Tc) and CD4 + (Tr, Th1, and Th2) T cells.
Discussion
Repertoire diversity is a fundamental determinant of the competence of the immune system. The loss of diversity of an immune repertoire has been linked to aging (12) and implicated in various disease states (13) (14) (15) . Previous methods extrapolate the full diversity of the human immune repertoire from only a small fraction of VJ combinations, which in turn was chosen at random, thus making it difficult to determine whether the actual diversity or the extent of clonal amplification of the repertoire could have been quantified. Here the 454 technology platform has enabled the rapid sequencing of millions of DNA fragments at low cost and without cloning bias (3). By combining this method with the ARM-PCR (16), which allows millions of highly similar sequences to be amplified in a semiquantified matter from a complex mixture, our approach has provided us with the necessary arsenal to characterize the majority of antigen receptor sequences at the level of sequence resolution.
Our analysis has yielded literally hundreds of thousands of sequence reads with tens of thousands of unique sequences. The various T cell subsets examined exhibit many common features in terms of germline gene segment usage, CDR3 length, number of N-nucleotide additions, nibbling at ends of germline gene segments, and amino acids usage at the CDR3 intervals, which is consistent with the fact that the fate of different subset T cells are determined after the expression of TCRs. This first view of the expanded repertoire presents us with a dramatic view of T cell subset population dynamics. We identified a number of clones with very high frequency sequence reads among the cells from the CD8+ population. The donor had no known illnesses and reported feeling normal and well during the month before the time of sampling. Although it is possible that he had activated a subpopulation of CD8+ T cells due to an acute subclinical infectious challenge (17, 18) , the possibility that a set of CD8+ T cells had undergone an independent expansion unrelated to a recent exogenous antigenic challenge (19) (20) (21) (22) (23) cannot be excluded.
CD8+ T cells dominate in the Tn+t cell population, and a substantial number of both CD4 + and CD8+ T cells become activated after an antigenic challenge. From these, many CD4 + T cells and only a small portion of CD8+ T cells differentiate into memory T cells. Thus it is possible that a recent or ongoing antigenic challenge precipitated the expansion of those CD4 + and CD8+ T cells that shared the identical TCR sequences, perhaps due to a dominant effect of specific antigen epitopes. However, we cannot rule out the possibility that these outgrowths also reflect the early appearance of age-related CD4+ and CD8+ clonal expansions sharing a common origin (24) . These possibilities are not mutually exclusive because clonally expanded cells might have a greater likelihood of begin activated by the same or different antigens.
Among the clonally expanded T cells of different fates, the majority of Tr, Th1, and Th2 cells are related to memory T cells, whereas the majority of Tc cells are related to naïve T cells. The more moderate expansion of Th1 cells may reflect the effect of Tc expansion, as Tc cells secret IFN-γ (25) , which promotes the proliferation of Th1 subsets while inhibiting the proliferation of Th2 subsets (26) . The Th1 and Th2 populations contribute the majority of the memory T cell compartment with some sharing with the naïve/transitional and activated subsets.
Our results call attention to the substantial number of TCR α and β CDR3 sequences that are clonal expanded and common in T cell subsets of different fates. There is a significant amount of sharing of TCR sequence among the Th1, Th2, and Tr populations. These findings would suggest semicoordinated expression of Th1, Th2, and Tr cells among clonally expanded populations within these subsets, suggesting that the choices of Th1, Th2, and Tr outcomes are stochastic and can be driven by the same or highly similar antigenic stimulus. An ancestral T cell thus appears to have the potential to develop into different cells with the same specificity (27, 28) . Shared specificity through identical CDR3 sequences between effector T cells might provide an important communication avenue to maintain the homeostasis of immune system response, providing paired signals at the cellular level.
Our studies present a cross-sectional view of the TCR repertoire among one pan T and seven distinct subpopulations of T cells identified on the basis of characteristic surface markers. Of these, one amplification (pan T) sampled CD3+ T cells in general, and three amplifications (Tn+t, Ta, and Tm) sampled T cells at different stages of development. The remaining four amplifications (Tc, Tr, Th1, and Th2) sampled T cell subsets with divergent effector functions which, until recently, were thought to be relatively fixed. However, recent studies have indicated that fate decisions in T helper cells, and especially in the Tr population, may be more plastic than previously appreciated (29) (30) (31) . It is thus additionally possible that some of the shared TCR sequences among effector T cell subsets reflect alterations in cell fate that occurred after antigen exposure created a clonal expansion in cells bearing a different effector phenotype.
Harder to explain are the rare, but dominant, clones, where sequences commonly found in the CD8+ T cell population are also found in the Th1 and Th2 subsets. It is unclear whether identical TCRβ CDR3 sequences can recognize the same or different antigens presented by different MHC molecules; however, the sharing of the same clonal specificity between CD4+ and CD8+ cells has been noticed previously (32) . Our cell sorting process leaves open the possibility of a CD4+CD8+ population, but it is difficult to conceive of this population, which is typically viewed as the product of recent thymic activity, entering into the CD25+ compartment as well as Th1 and Th2. Conversely, it is possible that the population of cells bearing shared TCR sequence regardless of effector function or MHC segregation may represent benign clonal outgrowths of cells that had undergone a transforming mutation in the thymus.
We also identified many expanded CDR3 reads that could not be assigned to any of the functional subsets studies. For example, there were 41 expanded TCRβ CDR3s in the activated T cell pool that could not be found in the Tr, Th1, Th2, or Tc subsets, suggesting that they might belong to other subsets not identified by the sorting process that we used.
Among 70,005 unique CDR3 nucleotide sequences, we identified 2,505 VJ combinations among the TCRα and TCRβ VJ repertoire that were expressed in our donor subject. This accounted for about 87% of the 2,874 potential Vα and Jα, and Vβ and Jβ combinations. The expressed TCRα and TCRβ repertoires are heavily influenced by rearrangement frequency and by both positive and negative selection events in the thymus and the periphery (33) (34) (35) (36) (37) (38) (39) (40) . At present we cannot distinguish between differences in rearrangement frequency (33) or the effects of either positive or negative selection events in the thymus or in the periphery (34) (35) (36) (37) (38) (39) (40) as the proximate cause of the absence of these particular combinations. In either case, it is clear that our donor subject does not have full access to the potential TCR diversity encoded by the germline repertoire. Whether this absence creates "holes" in the repertoire that can influence the development of disease and whether the same or different "holes" can be found in other members of the population remains to be determined.
In conclusion, we have demonstrated a successful approach for determining the entire diversity of immune repertoire with sequence level resolution. The enormous data generated by this approach has corroborated previous estimates of the diversity of T cell repertoire at a direct level. This systematic approach provides a useful tool for assessing immune competence, tracking T cell expansion kinetics, and identifying antigen-specific T cell clones in patients with infection or cancer. Understanding those is likely to facilitate the development of immunotherapy for the treatment of viral infections and tumors.
Materials and Methods
Isolation of T Cell Subsets. Informed consent was obtained from the blood donor. T cell isolations were performed using superparamagnetic polystyrene beads (Miltenyi) coated with monoclonal antibodies specific for the particular T cell subset (Fig. S1) .
From whole blood, mononuclear cells were obtained by Ficoll Prep, followed by anti-CD14 microbeads to remove monocytes. This monocytesdepleted, mononuclear cell fraction was then used as a source for specific T cell subset fractions.
Cytotoxic CD8+ T cells were isolated by negative selection with anti-CD4 multisort beads (Miltenyi Biotec), followed by positive selection with anti-CD8 beads. CD4 + T cells were isolated by positive selection with anti-CD4 beads. Anti-CD25 beads (Miltenyi Biotec) were used to select CD4+CD25+ regulatory T cells. From the CD4+CD25− flow through, anti-CD56 beads was used to remove CD4+CD56+ NKT cells. From the CD4 + CD56-flow through, anti-CD294 beads were added to select CD4+CD25−CD294+ Th2 cells and the flow through CD4+CD25−CD294− were collected as Th1 cells.
Isolated CD4+ T cells and CD8+ T cells according to the protocols listed above were pooled together, and anti-CD45RA microbeads were added to isolate a combined population of CD45RA+ naive and transitional T cells (Tn+t). Anti-CD45RO beads were added to the CD45RA− pass-through to select for CD45RA-RO+ memory T cells. Anti-CD69 microbeads were added to the flowthrough CD45RA-RO− cells to isolate CD45RA-RO−CD69+ activated T cells.
All isolated cell populations were immediately resuspended in RNAprotect reagent (Qiagen).
ARM-PCR Procedure. For each target, a set of nested sequence specific primer was designed (Forward-out, Fo; Forward-in, Fi; Reverse-out, Ro; and Reversein, Ri). A pair of common sequence tags was linked to all internal primers (Fi and Ri). Once these tag sequences were incorporated into PCR products in the first few amplification cycles, an exponential phase of the amplification could be carried out with a pair of communal primers, called superprimers, which can pair with the tag sequences (16) . In the first round of amplification, only sequence-specific nested primers were used. The nested primers were then removed by exonuclease and the first-round PCR products were used as templates for a second round of amplification by adding communal primers and a mixture of fresh enzyme and dNTP.
Aligning Immune Repertoire Sequences. To assign rearranged mRNA sequences to their germline V, D, and J counterparts, we developed a tool called IRmap which is similar to the Germline Query program (41) . The IRmap program uses the pyromap program (42), a modification of the Smith-Waterman algorithm, adapted to the 454 sequencing error pattern. The 454 sequencing platform outputs a Phred-equivalent quality score for every position in a read. Quality scoring in the 454 sequencing platform was originally designed to measure the confidence that the homopolymer length at that position is correct (3). The quality score of a position is also a good measurement of confidence that the correct base is called at any position, as with a traditional Phred score. By incorporating the quality score into the Smith-Waterman algorithm, the program can improve the mapping accuracy between individual reference sequences and the 454 read (42) . This improved mapping algorithm allowed us precisely determine alignments between 454 reads and germline V, D, and J segment alignments in the IMGT/GENE-DB (6) reference directory of human T cell receptor α and β gene products (available on the IMGT server http://www. imgt.org). The IRmap program systematically searches the directory of germline V and J gene segments for the best matches and masks the region of the query sequence that aligns to V and J segments and searches for Dβ segments in the intervening sequences subsequently.
Germline Dβ segments are very short and the aligned fragments are even shorter because of nibbling and somatic mutation. Thus, although V and J identity were easily obtained, Dβ assignment proved difficult because the scores of the alignments between germline Dβ and the sequencing reads proved too small to be distinguishable from random noise. To assign Dβ segments onto sequencing reads reliably, we first calculate cutoff scores to assign Dβ segments to an mRNA through a simulation experiment. A set of 10,000 sequences was randomly generated with the equal frequency for A, C, G, T for a particular length. The simulated sequences were aligned to each germline Dβ segment, and the 99th percentile score is set as the cutoff score for that particular Dβ segment. For each length ranging from 10 to 100 bases, the cutoff scores were calculated. We filtered out alignments with Dβ segments of the score less than the cutoff value. interval was identified as comprising all of the amino acids between these two conserved motifs.
